The hepatitis delta virus (HDV) ribozyme is an RNA motif embedded in human pathogenic HDV RNA. Previous experimental studies have established that the active-site nucleotide C75 is essential for self-cleavage of the ribozyme, although its exact catalytic role in the process remains debated. Structural data from X-ray crystallography generally indicate that C75 acts as the general base that initiates catalysis by deprotonating the 2′-OH nucleophile at the cleavage site, while a hydrated magnesium ion likely protonates the 5′-oxygen leaving group. In contrast, some mechanistic studies support the role of C75 acting as general acid and thus being protonated before the reaction. We report combined quantum chemical/molecular mechanical calculations for the C75 general base pathway, utilizing the available structural data for the wild type HDV genomic ribozyme as a starting point. Several starting configurations differing in magnesium ion placement were considered and both one-dimensional and two-dimensional potential energy surface scans were used to explore plausible reaction paths. Our calculations show that C75 is readily capable of acting as the general base, in concert with the hydrated magnesium ion as the general acid. We identify a most likely position for the magnesium ion, which also suggests it acts as a Lewis acid. The calculated energy barrier of the proposed mechanism, ∼20 kcal/mol, would lower the reaction barrier by ∼15 kcal/mol compared with the uncatalyzed reaction and is in good agreement with experimental data.
Introduction
The ribozyme embedded in the genomic and antigenomic RNAs of hepatitis delta virus (HDV; Figure 1 ) is a representative of a group of naturally occurring, small, nonprotein coding RNAs that catalyze site-specific self-cleavage of their own backbones ( Figure 2 ). [1] [2] [3] The HDV ribozyme is unusual in that it is the only known ribozyme from a human pathogen, boding well for potential applications in human gene therapy. It has also recently been found to reside in the intron of the human CPEB3 gene, giving rise to the speculation that HDV may have evolved from the human transcriptome. 4 Moreover, the HDV ribozyme was the first catalytic RNA motif for which structural and biochemical data suggested participation of a specific side chain, cytosine 75 (C75), in reaction chemistry. [1] [2] [3] Two main models were proposed. In the first model, C75 acts as the general base that deprotonates the cleavage site 2′-OH, activating it as a nucleophile that attacks the adjacent 3′,5′-phosphodiester backbone ( Figure 2A ). 5 According to the second model, C75 instead protonates the 5′-oxygen leaving group, thereby generating the 2′,3′-cyclic and 5′-OH termini of the reaction products ( Figure 2B ). 6 In these models, a hydrated Mg 2+ ion is proposed to provide the complementary general acid and base functionality, respectively. The notion that RNA side chains may be chemical participants in RNA-catalyzed reactions has inspired several similar proposals for other ribozymes, 7-10 even though not all such proposals could be substantiated. 11 Clearly, studies of HDV ribozyme catalysis have considerably heightened our appreciation of the chemical capabilities of RNA, but much remains to be learned about the catalytic processes involved.
Despite intense investigation, the self-cleavage mechanism of the HDV ribozyme is not fully understood. Been and coworkers suggested that C75 acts as the general base in the reaction, 5 based on evidence that the rate of the reaction catalyzed by the wild-type C75, which has an apparent pK a of ∼6.1, increases with pH; the activity diminishes following shifts in apparent pK a associated with C75A substitution; and activity is completely lost upon C75U substitution, however, it can be partially rescued by the presence of external imidazole. This view was subsequently supported by X-ray crystallographic studies of reaction precursors of the cis-acting genomic ribozyme, 12 and by extensive molecular dynamics (MD) simulations based on these structures, 13, 14 because an active site architecture consistent with the general base mechanism formed spontaneously in the simulations. In contrast, no stable structural arrangement with protonated C75H + supporting the general acid mechanism has been obtained as yet, despite extensive MD simulations. 13, 14 However, X-ray structure of C75 wild type was obtained with low resolution while considerably better X-ray structures were obtained only for the sequence with an inactive C75U substitution. The molecular dynamic simulations are obviously influenced by the starting X-ray geometries.
By contrast, Bevilacqua and co-workers observed an inverted rate-pH profile for genomic form in high monovalent salt concentrations, in the absence of Mg 2+ , prompting the proposal that C75 instead acts as general acid. 6 Subsequent studies by both Been and Bevilacqua suggested that rather than C75 a critical base quartet adjacent to the catalytic core involving a protonated C41 gives rise or at least contributes to the inverted rate-pH profile in the absence of structurally stabilizing Mg 2+ . [15] [16] [17] The product crystal structure lacking the 5′-leader sequence shows a hydrogen bond between the C75 and the 5′-OH terminus generated during the reaction. 18 This hydrogen bond is frequently interpreted as a plausible remnant of proton transfer from a C75H + general acid to the 5′-oxygen leaving group (e.g., refs 6, 15) . Interestingly, the general base mechanism was proposed by Doudna et al. in their original study presenting the product crystal structure. 18 The most explicit support for C75 acting as the general acid has come from a recent sitespecific chemical modification study of a trans-acting form of the HDV antigenomic ribozyme with external substrate. This work showed that C75 played a limited role in catalysis when sulfur was employed as the 5′-leaving group, quite unambiguously supporting the C75 general acid hypothesis. 19 However, while such trans-acting ribozymes are structural and mechanistic analogs of the naturally occurring cis-acting forms, they exhibit an amplified conformational change upon cleavage [20] [21] [22] relative to that observed in the cis-acting ribozyme. 12, 23 In addition, they are about an order of magnitude catalytically slower due to the long-range impact of the strand scission(s) required to sever the substrate from the ribozyme. Therefore, there is a possibility that the use of an external substrate with site-specific modifications may alter the balance between general base and general acid reaction pathways, if these are competing. 24 Both the C75 general base and the general acid mechanisms require the local pK a of C75 to be significantly shifted. This Two proposed general acid-base reaction mechanisms for HDV ribozyme: (A) C75 general base mechanism; the U-1(O′2) nucleophile is deprotonated by nucleobase C75 acting as a general base. The leaving G1(O′5) alcoholate group is protonated by a general acid (e.g., a water molecule coordinated to the Mg 2+ ion), (B) General acid mechanism; the leaving G1(O′5) alcoholate group is protonated by nucleobase C75 acting as a general acid and the (U-1)O′2 nucleophile is deprotonated by a general base.
has been suggested by continuum solvent calculations utilizing the available ground-state crystal structures. 25 However, the calculations did not take into account the fact that the open, highly negatively charged catalytic pocket of the HDV ribozyme is likely continuously occupied by divalent or monovalent cations. 13, 14, 26 The ions probably neutralize the electrostatic potential of the catalytic core to a significant extent and are known to compete with C75 protonation. 6 Most examples of protonated nucleobases in structured nucleic acids show the excess proton to be involved in very specific planar hydrogen bonding interactions. [27] [28] [29] [30] [31] [32] [33] [34] [35] Such protonated bases not only neutralize the negative electrostatic potentials but also bring clear structural gains which cannot be achieved with neutral bases and cations. [27] [28] [29] [30] [31] [32] [33] [34] [35] Unless the excess proton is involved in such tight H-bonding interaction, or binding of ions is sterically disfavored as in case of the Hairpin ribozyme, 36 protonation does not appear to be a common way to respond to negative potentials in nucleic acids. The catalytic pocket of HDV ribozyme is clearly open for extensive interactions with ions. No pK a shift of C75 was observed in equilibrium NMR experiments, 37 but a recent Raman crystallography approach revealed a significant pK a shift toward neutrality that is anticooperatively coupled with Mg 2+ binding. 38 The unique structural context of C75 thus appears to perturb its pK a toward optimal for general acid-base catalysis at physiologic pH, but these experiments do not provide evidence that C75 acts as either general base or general acid and do not provide structural insights.
In light of the conflicting experimental evidence and the need to better understand the nature of the transition state, computational approaches have been employed in several recent studies. In particular, two studies have described the reaction process by quantum mechanical (QM) methods. 39, 40 Gauld and co-workers compared the uncatalyzed reaction with the C75 general acid mechanism by applying high-quality density functional theory (DFT) to a small-molecule model of the active site, lacking the remainder of the ribozyme. 39 However, while the uncatalyzed reaction can be considered a highly suitable reference point for the transition state energetics, both the C75 proton affinity and hydrated Mg 2+ ion basicity are likely influenced by the HDV ribozyme structure outside the narrow boundaries employed in these calculations. In addition, the structure of the underlying active site did not correspond to any published conformation observed by either X-ray crystallography or MD simulation, limiting the utility of the otherwise very interesting calculations. [12] [13] [14] 18, 26 Liu and co-workers used estimates for the effective concentrations of the reactive C75 adopting general base and acid roles using the near-attackconformations concept and classical molecular dynamic simulations. They also used quantum chemical DFT calculations of a truncated active site model to compare the C75 general base and acid mechanisms. They concluded that the acid mechanism is energetically favored. 40 However, while the reactive state corresponding to the C75 general base mechanism was significantly populated in MD simulations, 13, 40 making it possible to estimate that the Gibbs Energy correction that should be applied to account for its proportion was only a few kilocalories per mole, the C75 general acid reactive state was rare (0.01%), corresponding to only a 0.1 ps occurrence in a 1 ns MD simulation. 40 Earlier, we have reported much longer 12 ns simulation with protonated C75H + , 13 but we have never observed formation of a suitable geometry. Such a negligible concentration combined with the limited MD sampling suggests that the reactive population and corresponding correction term could not be accurately estimated. In addition, the small size of the truncated model system used in DFT calculations again did not take into account the important structural context of the ribozyme's active site, and the active site model employed did not fit the ribozyme fold observed in crystallographic studies. One problem of truncated active site models used by Liu et al. and Gauld et al. is that the C75H + base is oriented differently than in the X-ray structures and MD; that is, the direction from N1 to N4 of the base is antiparallel to the sugar-phosphate backbone direction from scissile phosphate to G1 sugar, instead of the usual parallel orientation. Therefore, there is a clear need to address the mechanism using computational methods that incorporate the structural context of the HDV ribozyme.
In this study, we present results of a thorough theoretical study that utilizes a hybrid quantum mechanical/molecular mechanical (QM/MM) treatment 41 to evaluate the plausibility of the C75 general base mechanism of the HDV genomic ribozyme. We describe the mechanism using combined QM/MM methodology in which the active site (QM region) containing ∼80 atoms is described by a hybrid density functional in the context of the complete, AMBER force field-treated HDV ribozyme fold. We thus overcome the limitations associated with the use of small active site models. Our calculations show that the C75 general base mechanism, in concert with a hydrated magnesium ion as general and Lewis acid, is a viable catalytic strategy for the HDV ribozyme.
Methods
(a) Structure Preparation. The HDV genomic ribozyme crystal structures of C75U inactivated precursor and lower resolution C75 structures are consistent with the possibility that C75 acts as the general base, although the U-1(O2′) does not form a hydrogen (H) bond with U75(N3) in C75U mutant structures and the U-1(O2′) atom was not identified in the wild type C75 structure. Formation of the U-1(O′2-H′2) · · · C75(N3) H bond is assumed to be essential to initiate the C75 general base mechanism. However, the appropriate geometry can be readily obtained by rotation of the U-1 residue. 12 Indeed, the U-1(O2′) · · · C75(N3) H bond was formed spontaneously with a ∼10% population in the course of multiple 10 ns scale explicit solvent MD simulations. 13 Therefore, it was convenient to use a specific snapshot from the previously published molecular dynamics (MD) simulations of the HDV genomic ribozyme precursor with canonical C75 and protonated C41 + in the presence of Na + counterions to prepare all starting structures described below. 13 The starting structure (see Supporting Information for coordinates) was chosen based on a geometrical arrangement achieving one of the best U-1(O′2-H′2) and C75(N3) H bonds among those formed during MD simulation. Subsequently, it was necessary to place an Mg 2+ ion in an appropriate position for the reaction. However, the crystallographic positions of Mg 2+ ions are perturbed by the C75U mutation and obscured by the limited resolution. 12 Furthermore, MD simulations are not able to properly sample the dynamics of divalent ions due to current force field limitations. 14 Thus, we considered a range of Mg 2+ ion positions in the active site, in order to reduce the uncertainty from sampling limitations. Initially, two Na + ions present in the active site of the initial structure were replaced by two water molecules and the complete system was minimized by molecular mechanics using the AMBER force field (parm99). 42, 43 The positions of water oxygen atoms in the active site were chosen as potential positions for the Mg 2+ ion. Subsequently, each water oxygen atom within the first three solvation spheres of the reaction center was replaced by the Mg 2+ ion. This approach produced 13 diverse Mg 2+ ion positions that were then subjected to QM/ MM minimization (see below), covering a wide range of relaxed Mg 2+ positions.
In these optimizations, the quantum (QM) region included all active site water molecules from the first and second solvation shells of the Mg 2+ ion ( Figure 3A) , that is, 13 to 25 water molecules for each Mg 2+ ion position. All systems underwent geometric optimization and only two plausible positions of the Mg 2+ ion were identified: (i) one in which the Mg 2+ ion possesses a double inner-shell coordination with the C21(O2P) and scissile G1(O1P) phosphates ( Figure 3B ), and (ii) one in which it has a single inner-shell coordination to G1(O1P) ( Figure  3C ). Both of these Mg 2+ positions are located in the same active site region, where metal ions have been consistently identified in crystal structures of HDV ribozyme mutants. 12 Furthermore, both positions are consistent with the notion that Mg 2+ simultaneously plays two catalytic roles: (i) acting as the general acid catalyst by increasing the acidity of a coordinated water molecule that forms an H bond to G1(O′5), and (ii) exerting an electrophilic (Lewis acid) effect that activates the scissile phosphate for nucleophilic attack through direct coordination to G1(O1P). We did not consider other geometries in which the Mg 2+ ion was located too far from the reaction center to participate.
After QM/MM minimization, the Mg 2+ ion in the double inner-shell position ( Figure 3B ) was pentacoordinated and its first coordination shell consisted of two phosphates (those of G1 and C21) and three water molecules. The sixth position of the octahedral coordination sphere was partially occupied by the C75(N4) nitrogen atom, sterically preventing coordination of a water molecule to this position. Since the coordination of a nitrogen atom from the exocyclic amino group to Mg 2+ ion is unusual, 44 a short MD simulation (see Supporting Information for details) was subsequently performed to better relax the solvation shell of the Mg 2+ ion in the double inner-shell arrangement. Thus, three starting structures were eventually chosen for detailed QM/MM calculations (see Supporting Information for their coordinates): (i) the structure with a hexacoordinated Mg 2+ ion and a single inner-shell bond to G1(O1P), denoted the hexacoordinated single inner-shell structure (HS); (ii) a snapshot from the MD simulation (taken at 78 ps), in which the Mg 2+ ion was pentacoordinated (to two phosphates, from G1 and C21, and three water molecules), denoted the pentacoordinated double inner-shell structure (PD); and (iii) a snapshot from the MD simulation (taken at 125 ps) with a hexacoordinated Mg 2+ ion (to two phosphates, from G1 and C21, and four water molecules), denoted the hexacoordinated double inner-shell structure (HD) (see Figure 4 ). The HD structure also differs from the PD and HS structures in the U-1 ribose conformation, since its 2′,3′-cyclic phosphate attains the exo conformation in the HD product state compared with an endo conformation in the PD and HS product structures.
(b) QM/MM Calculations. A two-layer ONIOM scheme 45 implemented in Gaussian03 46 was used for all QM/MM calculations. The low level (MM region) was handled by the AMBER 42 molecular mechanical force field parm99, 43 while the high level (QM region) was described by quantum mechanical method using electronic embedding. Hydrogen atoms were added to the dangling bonds at the interface between QM and MM regions. In all QM/MM calculations, the ribozyme was immersed in a water drop with a ∼10 Å thick layer of water molecules surrounding the RNA molecule. The initial positions of counterions were taken from the MD snapshot from which the starting structures were prepared. The ∼2 Å thick layer of waters on the surface of the drop and counterions outside the drop were fixed during all QM/MM calculations to prevent any changes in energy caused by H-bond network reorganization at the water-vacuum interface. The whole system contained ∼13 000 atoms, of which ∼4500 were fixed.
Three different QM regions were used ( Figure 3 ). First, a large quantum region was subjected to QM/MM calculations ( Figure 3A ) in conjunction with a rapid, albeit less accurate HF/STO-3G method to preoptimize 13 structures differing in Mg 2+ ion placement (see above for details). The HF/STO-3G method was deemed sufficiently accurate for this initial screening. The BLYP/cc-pVDZ method in combination with smaller quantum regions was applied to explore reaction coordinates of the HD, PD and HS structures ( Figure 3B,C) . The BLYP functional 47, 48 with the density fitting approximation 49, 50 was chosen as a compromise providing sufficient geometrical accuracy at affordable computational cost. Since the energy barriers calculated at the BLYP level are likely to be underestimated, mainly due to the self-interaction error of the BLYP functional, the energy values were finally recalculated by the more accurate MPW1K DFT method 51,52 as described below. The reaction profile was explored by shortening the distance between G1(O′5) and G1(P) to proceed from the product state back to the precursor. The forward reaction from precursor to product was studied by a potential energy surface scan in two dimensions, including shortening of the distance between U-1(O′2) and G1(P) and the distance between C75(N3) and U-1(H′2). The scan was performed in 0.1 Å steps and all remaining degrees of freedom were relaxed at each point (except for the fixed water molecules at the surface of the water drop, as mentioned in the previous paragraph). Finally, single-point energies were calculated for the BLYP/cc-pVDZ minima and saddle-point geometries corresponding to product, precursor and transition states, respectively, using the MPW1K hybrid functional 51,52 with a 6-31+G(d,p) basis set, which is expected to provide sufficiently accurate energetics for the reaction barriers.
A similar ONIOM-QM/MM protocol was used in our recent study of the catalytic mechanism of haloalkane dehalogenase. 53 In this case, the ONIOM-QM/MM approach (with mechanical embedding) was compared with the well-established and widely used [54] [55] [56] [57] Car-Parrinello QM/MM (CP-QM/MM) method using a fully Hamiltonian coupling scheme. 58, 59 Our study showed that both approaches yield the same reaction mechanism, but the QM/MM scheme with mechanical embedding overestimated the reaction barrier because of the missing electronic coupling between the QM and MM regions. Therefore, in the present study, ONIOM-QM/MM with electronic embedding was employed to obtain reliable indications of both the reaction mechanism and energetics.
(c) Reference Calculations and Discussion of the Limitations. The quality of the description of this reaction provided by the MPW1K functional was verified, and Gibbs energy corrections were estimated using the uncatalyzed reaction in a water environment, modeled as follows. The starting geometries of reactant, transition states, intermediates, and products of the uncatalyzed reaction, taken from the literature, 39 were reoptimized in water, with implicit solvation model (IEFPCM ( r ) 78.4)/B3LYP/6-31G(d,p)). The frequencies were calculated at , and product (P) states of the following reaction profiles with different Mg 2+ ion positions and coordinations: (A) the structure including a hexacoordinated Mg 2+ ion with a single inner-shell bond to the G1(O1P) oxygen of the scissile phosphate (denoted HS in the text), (B) the structure including a pentacoordinated Mg 2+ ion with double inner-shell contacts to phosphates from C21 and G1 (denoted PD), and (C) the structure including a hexacoordinated Mg 2+ ion with double inner-shell bonds to phosphates from C21 and G1 (denoted HD). The quantum region and part of the molecular mechanical model neighborhood are shown in sticks and wire representation, respectively. the same level for each optimized structure to estimate corrections to the Gibbs energy at temperature 298.15 K and pressure 1 atm. The differences between gas phase B3LYP/6-31G(d,p) energies and IEFPCM ( r ) 78.4)/B3LYP/6-31G(d,p) energies were used to calculate the solvation contributions to the reaction energy profile. Subsequently, single-point calculations were performed at MP2/cc-pVTZ and MP2/cc-pVQZ levels to estimate the MP2/complete basis set limit (CBS) energies, 60, 61 and at MP2/cc-pVDZ and CCSD(T)/cc-pVDZ to estimate a CCSD(T) correction. 62 CCSD(T) stands for the coupled cluster method with noniterative triple electron excitations, which is currently the most accurate QM method that can be applied to such systems. The CCSD(T)/CBS method was obviously not affordable for any QM/MM calculations. The extrapolation scheme for the CCSD(T)/CBS energies was taken from literature. 63 The MPW1K/6-31+G(d,p) single-point gas phase SCF energies were calculated at the same geometries, and the differences between MPW1K/6-31+G(d,p) and CCSD(T)/CBS energies were used to estimate the mean unsigned error of the MPW1K functional used in the presented QM/MM study. The SCF energies at MPW1K/6-31+G(d,p), extrapolated CCSD(T)/ CBS and the respective MPW1K functional errors, solvation energies, Gibbs energy corrections, and total Gibbs energies at the extrapolated CCSD(T)/CBS level are summarized in Table 1 .
The Gibbs energy profile of the reference reaction in water was calculated as a sum of extrapolated CCSD(T)/CBS gas phase energies, Gibbs energy corrections and solvation terms obtained at the IEFPCM ( r ) 78.4)/B3LYP/6-31G(d,p) level. The Gibbs energy barrier for the nucleophile attack and the intermediates' rearrangement was found to be ∼28-29 kcal/ mol, while the disruption of the intermediate involving departure of the alcoholate ion and transport of a proton to the leaving alcoholate is the rate-limiting step of the uncatalyzed reaction, leading to Gibbs energy barriers of 36.3 and 34.4 kcal/mol for exo and endo conformations, respectively.
The results showed that the mean unsigned error of the MPW1K/6-31+G(d,p) method relative to CCSD(T)/CBS was 0.7 kcal/mol, and the maximum unsigned errors were 0.9 kcal/ mol for the transition state and intermediates and 1.9 kcal/mol for the products.
The calculated QM/MM energy barriers, as described above, do not account for the Gibbs energy correction term, which could be estimated, within harmonic approximation, via frequency calculations. However, such calculations are not feasible for the QM/MM system because of their enormous memory demands. Therefore, we roughly estimated this term using the uncatalyzed reaction model. The mean correction for entropy and zero-point vibrational energy of transition states was found to be -0.2 kcal/mol and the maximum unsigned value to be lower than 2.4 kcal/mol (see Table 1 ). These observations agree with previously published Gibbs energy corrections for this type of reaction, which are consistently smaller than 2.5 kcal/mol. 64 There is yet another part of the reaction, the separation of the products after the chemical step, in which the Gibbs energy correction (namely the entropic term) significantly contributes to the reaction profile. The separation of the products lowers the Gibbs energy of the product state in the uncatalyzed reaction by -13.2 kcal/mol (see Table 1 ). Separation of the products does not affect the kinetics of the studied reaction and is beyond the scope of the presented QM/MM study. Nevertheless, product separation immediately follows the part of the reaction considered in this paper and the associated lowering by ∼13 kcal/ mol shifts the equilibrium toward the separated products.
The calculated barriers also do not take into consideration the correction that should be applied to take into account the reactive state population. However, it seems reasonable to assume that this contribution is rather small for the studied reaction, no more than a few kilocalories per mole; less than 1.4 kcal/mol assuming that the population of the reactive state is approximately 10%, in accordance with the occurrence of the U-1(O′2-H′2) · · · C75(N3) H bond ∼10% of the time during MD simulations. 13 Generally, it is challenging to accurately assess the Gibbs energy correction term associated with the relative population of precursor reactive states. This would require exhaustive molecular dynamics simulations because systems with small populations of reactive states need very robust phase space sampling (i.e., long simulation timescales). Further, the calculated populations could be biased by force field inaccuracies, such as those for divalent ions or the flexible anionic sugar-phosphate backbone. 
Results
We carried out extensive QM/MM calculations of the HDV genomic ribozyme, aiming to clarify whether its C75 nucleotide is capable of acting as the general base during the HDV ribozyme self-cleavage reaction, using structural data obtained for the cis-acting genomic precursor ribozyme by X-ray crystallography and refined by MD simulations.
Because of the absence of relevant structural data for the alternative scenario, in which C75 is protonated and acts as the general acid, an analogous investigation of the general acid mechanism would be more complex and will be attempted separately. However, to date, we have not found any suitable structure for the C75H + acting as the general acid in quite extensive MD simulations. 13 Furthermore, after a 20 ns MD simulation in which the C75H + (N3) · · · G1(O′5) H bond was restrained to make the geometry more suitable for the general acid mechanism, the contact between C75H + and G1(O′5) disrupted immediately when the restraint was released and no such contact was re-established in a subsequent 20 ns unrestrained simulation (data not shown). In addition, pilot QM/ MM calculations starting from the structure that appeared to be most suitable (but dynamically unstable) for the general acid mechanism obtained from the restrained MD simulation failed to provide a viable reaction path (data not shown). Thus, obtaining a plausible structure with C75H + for the cis-acting genomic precursor ribozyme is not straightforward.
Mg 2+ ions play a crucial role in the HDV ribozyme selfcleavage reaction. The requirement of Mg 2+ ions can be structural, 65 catalytical, or both. 66 Initially, therefore, it was necessary to find likely positions for the Mg 2+ ion in the active site, since it is generally appreciated that even subtle details of the active site arrangement can profoundly influence both the energetic profile and mechanism of an enzymatic reaction. Unfortunately, the position of the Mg 2+ ion cannot be taken directly from the available X-ray structures because a direct inner-shell coordination of U75(O4) to Mg 2+ observed in the C75U mutant precursor structure is unlikely to occur between C75(N4) and Mg 2+ in the wild-type ribozyme. 14 Thus, we prepared a set of 13 possible positions of the Mg 2+ ion in the active site and screened them in preliminary QM/MM calculations (see Methods for details). This search identified three plausible positions for the Mg 2+ ion with different solvation shells (Figure 4 ). These three structural arrangements, denoted HS, PD, and HD (see Methods and Figure 4 for details), were further used to investigate the reaction profile of the C75 general base mechanism of HDV ribozyme self-cleavage.
Initially, the reaction profile was studied using a onedimensional (1D) potential energy surface scan by shortening the distance between U-1(O′2) and G1(P), following the reaction pathway in the forward direction from precursor to product. The term product state refers here to a structure of the HDV ribozyme immediately after the cleavage 3′ to U-1, when 2′,3′-uridincyclophosphate, a hydroxide ion coordinated to Mg 2+ , and a protonated C75 reside in the active site. The active site likely regenerates after the reaction and such a process is expected to include proton transfer from C75H + to the hydroxide ion via a water network, as well as dissociation of the 2′,3′-uridincyclophosphate from the active site. In these attempts, the U-1(H′2) hydrogen either was not transferred to C75 or was transferred to C75(N3) only after reaching an unrealistically short U-1(O′2)-G1(P) distance with an unacceptably high energy barrier (cf. Figure 5 , red pathway). Furthermore, no rupture of the bond between the G1(P) and G1(O′5) atoms was observed while scanning the reaction.
To explain and overcome this problem, a two-dimensional (2D) potential energy surface scan along both the U-1(O′2)-G1(P) and U-1(H′2)-C75(N3) distances was performed to investigate the shape and complexity of the energy surface of the HS system ( Figure 5 ). These calculations revealed that simply shortening the distance between U-1(O′2) and G1(P) Figure 5 . Two-dimensional map of the potential energy surface (More O'Ferrall-Jencks diagram). The energy is presented as a function of the distance between U-1(O′2) and G1(P) (vertical axis) and the difference between two U-1(H′2)-C75(N3) and U-1(O′2-H′2) distances describing the proton transfer. The energy (kcal/mol) was calculated by the BLYP/cc-pVDZ:AMBER(parm99) method. The red line describes the reaction coordinate obtained by shortening the U-1(O′2)-G1(P) distance following the reaction from precursor to product, while the green line presents the reaction coordinate obtained by scanning the backward reaction from products to precursor via shortening the G1(O′5-P) distance (see text for details). The structures related to the corresponding parts of the surface are shown in small boxes.
from the precursor state does not follow the realistic reaction path (i.e., the path via the lowest available saddle-point), and this was the reason for the unfeasibly high energy barriers discussed above. Although the potential energy surface implies that the realistic reaction path is easily accessible in range of U-1(O′2-H′2) vibration, the used geometry optimization algorithm is not able to relax geometry to this path due to the complexity of the potential energy surface. The shape of the potential energy surface further suggested that this problem could be overcome if the reaction coordinate was scanned in the opposite direction, that is, from product to precursor. This process (the reversed scan) is not equivalent or related to the ligation reaction, because the product is not the same as the reactant of the ligation. It should be considered as a standard computational technique to explore the path of the cleavage reaction. The energy profiles along the reaction coordinate obtained by calculations in both directions (i.e., from product to precursor and vice versa) are presumably equivalent due to microscopic reversibility of the reaction studied.
Consequently, the reaction profiles of all three studied configurations were obtained from potential energy surface scans by shortening the distance between G1(O′5) and G1(P), following the reaction in the direction from product to precursor. Similar structural changes along the reaction coordinate were observed in all calculations. A spontaneous proton transfer from the G1(O′5-H′5) hydroxyl group to the hydroxide ion coordinated to Mg 2+ occurred simultaneously with the shortening of the distance between the G1(O′5) and G1(P) atoms. We observed that the U-1(O′2)-G1(P) bond was disrupted after the G1(O′5)-G1(P) distance reached R O-P ≈ 2 Å, and the leaving alcoholate group of U-1(O′2) acted as the acceptor of the C75H + (H3) proton from the protonated C75H + nucleobase ( Figure 5 ). According to our calculations there is no stable intermediate along the calculated reaction pathway. This is in agreement with some other theoretical studies of HDV ribozyme cleavage 39, 40 and Hammerhead ribozyme cleavage. 64 On the other hand, there are theoretical studies proposing stable intermediates in ribozyme reactions, for example, a study of the HDV ribozyme general acid cleavage 40 and another study of the Hammerhead ribozyme cleavage. 66 The stable intermediate was also localized for the noncatalyzed reaction 39, 67 and this study).
The calculated reaction barriers (activation energies) for the HS and PD systems were 19.6 and 23.7 kcal/mol, respectively. The activation barrier is presumably higher in the PD system due to the coordination of two negatively charged phosphates (from C21 and G1) to the Mg 2+ ion compared with the single coordinated scissile phosphate of G1 in the HS structure, and the consequent reduction in the electrophilic (Lewis acid) catalytic power of the Mg 2+ ion. On the other hand, a considerably higher barrier (40.7 kcal/mol) was found for the HD system (Figure 4) .
The reaction rate constant of the HDV ribozyme self-cleavage was estimated to be equal k cat ≈ 52 min -1 by Tanner et al. 68 and subsequently measured directly by Brown et al. 69 (k cat ) 60 min -1 ). Using the Eyring equation, 70 the experimental Gibbs energy barrier can be estimated from the available rate constant (k cat ) 60 min -1 ) to be 18.2 kcal/mol. A direct comparison of the calculated and experimental activation barriers is not straightforward because the Gibbs energy correction is not directly included in our QM/MM calculations and the calculated barriers are not corrected for the population of reactive precursor state. However, using our model reference reaction we estimated that the Gibbs energy correction for the transition state is lower than 2.5 kcal/mol and the correction for the reactive state population is ∼1.4 kcal/mol (see Methods). These values, together with the estimated mean unsigned error of the MPW1K functional (∼0.7 kcal/mol) lead to a qualified estimate of the upper limit of uncertainty for our calculations of ∼5 kcal/mol. Taking these considerations into account, we can safely conclude that the reaction barriers of the HS system, and even the PD system, are in good agreement with the experimentally observed value, and well within the accuracy typically achieved with QM/ MM methods for enzymes. [71] [72] [73] [74] Furthermore, the calculated barriers are in the typical range of many enzymatic reactions (10-20 kcal/mol), 75 they are consistent with the calculated barriers of the hammerhead ribozyme (20.8 kcal/mol, 64 19 .3 kcal/mol 66 ), and they are significantly smaller than the estimated barrier of the uncatalyzed reaction (34-36 kcal/mol; see Methods and refs 39, 67). These observations support the conclusion that we identified a plausible mechanistic scenario for the catalysis of HDV ribozyme self-cleavage.
For the sake of completeness, it should be mentioned that the calculated energies of the product states (i.e., the structures immediately after the cleavage reaction) are +10.2 kcal/mol and +13.4 kcal/mol above the precursor state for the HS and PD systems, respectively. At first sight these findings indicate that a thermodynamic penalty may be associated with the spontaneous reaction from precursor to products. However, these calculated product states are not the final experimentally observable product states since other processes occur after they have been reached. More specifically, product dissociation following the calculated part of the reaction pathway reduces the Gibbs energy of the product state by an estimated ∼13 kcal/ mol (see Methods). In addition, other processes such as neutralization of the protonated C75H + and Mg 2+ -coordinated hydroxide ion are likely to follow, which are expected to further decrease the Gibbs energy and shift the equilibrium toward the product state, in favor of the HS and/or PD reaction pathways.
By contrast, a comparison of the experimental catalytic and uncatalyzed barriers (18.2 kcal/mol and 34-36 kcal/mol, respectively) with the reaction barrier of the HD system (40.7 kcal/mol) suggests that the self-cleavage reaction is unlikely to follow this route.
Our calculated reaction barriers and total reaction energy differences are related to the relative conformations of the scissile phosphate and C75 nucleobase ( Table 2) . The H bond between the C75(N4-H4) exocyclic amino group and the G1(O1P) oxygen of the scissile phosphate was observed in the transition and product states of the PD and HS systems (those with lower reaction barriers). By contrast, this interaction was missing in the HD system because the waters of the hexacoordinate Mg 2+ solvation shell filled the space around the G1(O1P) oxygen, resulting in an unfavorable conformation of the C75 nucleobase in which C75(N4-H4) points away from the scissile phosphate ( Figure 4C ). The C75(N4-H4) · · · G1(O1P) H bond is essential since it decreases the reaction barrier by a Precursor, transition, and product states are labeled R, TS, and P, respectively. The labels PD, HD, and HS stand for different structural arrangements in the HDV ribozyme active site (see text and Figure 4) . stabilizing the transition state in two ways: (i) by polarizing the scissile phosphate, thus making it more susceptible to nucleophilic attack, and (ii) by supporting sp 2 hybridization of the exocyclic amino group, thus stabilizing protonation of C75 in the transition and product states.
Discussion and Conclusions
QM/MM calculations were used to study the possibility that C75 may act as the general base in the HDV ribozyme selfcleavage reaction. In this mechanistic scenario, C75(N3) accepts a proton from the U-1(O′2-H′2) nucleophile. Our results also highlight two roles for the Mg 2+ ion in the reaction mechanism: acting as both a general (Brønsted) and a Lewis acid. QM/MM analysis of the C75 general base role in catalysis is simplified by the fact that this mechanism is consistent with the available ground-state structural data obtained from X-ray crystallography and MD simulations. The QM/MM calculations were capable of identifying a plausible reaction path with C75 acting as the general base.
Currently no structural data are available that correspond to the alternative mechanism, in which C75 is protonated and acts as the general acid. This makes investigations of the putative C75H + mechanistic role challenging. It should be noted that rather extensive MD simulations 13 with the protonated C75H + were not able to generate a suitable microenvironment for the catalytic center with a protonated C75H + , although even ∼10-20 ns long simulations utilizing the available X-ray structures as the starting point may be still too short. Hence, some more complex structural rearrangements, as suggested for instance for the minimal hammerhead ribozyme by MD and QM/MM calculations, 76 would be required to facilitate the C75H + general acid mechanism for the cis-acting genomic HDV ribozyme.
The calculated activation barriers are sensitive to the Mg 2+ ion's position, conformation of its solvation sphere, and active site structural arrangements. This means that the self-cleavage reaction in the presence of Mg 2+ should be preferably described by an ensemble of transition states taking into account relative populations of precursor conformations preceding each transition state, rather than by a single reaction coordinate. This obviously limits the reliability of the calculations. Since the reaction profile is highly sensitive to details of the active site's structural arrangement the sampling must clearly be sufficiently extensive to ensure that adequately reliable estimates of the relative proportions of possible conformations are obtained. Efficient sampling could be accomplished by large scale QM/MM molecular dynamics, but this would require a considerably cheaper description of the QM core. However, if the QM/MM description has insufficient quality the results can also be biased. In our particular case, we decided to utilize a high-quality method (in terms of the level of calculations and size of the QM region) while attempting to overcome the sampling problem by considering a range of starting structures. More specifically, we studied the reaction profiles of three different starting geometries chosen from 13 initial structures. The selected structures differed primarily in the positions and coordination spheres of the critical Mg 2+ ion. It was found that the HS structure (in which the Mg 2+ ion is hexacoordinated with a single inner-shell contact to the G1(O1P) oxygen of the scissile phosphate) provides the lowest reaction barrier, 19.6 kcal/mol, which is in good agreement with the experimental estimate of 18.2 kcal/mol. 6, 19 In addition, the structural arrangement of the Mg 2+ ion in the HS structure is commonly observed in RNA structures. 44 Interestingly, the PD structure (with pentacoordinated Mg 2+ ion and the double inner-shell coordination sphere) also provides a feasible energy barrier, of 23.7 kcal/mol, indicating that it could provide another plausible route to the reaction products. However, the validity of the pentacoordinated solvation sphere of the Mg 2+ ion is disputable since Mg 2+ prefers hexacoordination, 77 although it is possible that the Mg 2+ coordination number may be reduced following the first-sphere binding of two highly negatively charged first-shell ligands, as in the PD structure. The reasonable barrier observed for the PD structure indicates that coupled catalytic functions of the hydrated Mg 2+ ion and C75 are sufficient to catalyze the HDV ribozyme selfcleavage reaction effectively, regardless of the exact Mg 2+ ion coordination.
The highest energy reaction barrier (40.7 kcal/mol) was computed for the HD structure (with hexacoordinated Mg 2+ ion and double inner-shell Mg 2+ coordination). This barrier is similar to that in the uncatalyzed reaction, because the hexacoordinated solvation shell of Mg 2+ sterically shifts the position of C75 and thus abrogates its stabilizing effect. Thus, this geometry cannot lead to catalytic activity.
From a structural perspective, the Mg 2+ ions in both the PD and the HD structures are coordinated by the two phosphates of C21 and G1 in trans orientation. Such Mg 2+ coordination is rarely observed in RNA, in contrast to the common Mg 2+ coordination of the HS structure. 44 Three structural requirements were identified as critical for C75 general base catalysis in our calculations: (i) the catalytic water has increased acidity because of its coordination to the Mg 2+ ion and so acts as an acid that passes its proton to the leaving alcoholate G1(O′5); (ii) the Mg 2+ ion acts also as an electrophilic (Lewis acid) catalyst as it activates the scissile phosphate through direct coordination to the G1(O1P) atom and the resultant electron pull makes the phosphate more susceptible to nucleophilic attack; and (iii) the nucleobase C75 stabilizes the transition state via two H bonds to the scissile phosphate,thatis,C75(N4-H4) · · · G1(O1P)andC75(N3)-U-1(H′2) · · · G1(O′2). Regarding the point ii above, it is fair to admit that such a role requiring inner-shell coordination of Mg 2+ ion in cis-acting HDV ribozyme could be controversial. For example, Nishikawa et al. provided biochemical evidence that the thiosubstitution of one of both nonbridging oxygens of scissile phosphate in trans-acting HDV ribozyme has no significant effect to the cleavage rate, and thus suggested that these nonbridging oxygens do not coordinate the Mg 2+ ion directly in trans-acting HDV ribozyme. 78 On the other hand, the X-ray structure of inactivated C75U precursor indicates (despites its limited resolution) inner shell binding to U75(O4). It cannot be ruled that, when the C75 is present, the divalent ion can replace the U75(O4) by a phosphate oxygen, as observed in our earlier simulations. 13 Obviously, the computational analysis of the Mg 2+ binding has major limitations, and especially the force fields are not sufficiently accurate for divalent ions. 79, 80 Thus, our capability to independently predict Mg 2+ binding by simulations is not satisfactory, and all literature attempts should be viewed in this context. In summary, while we found a plausible path with inner shell coordination in our calculations, we cannot rule out that there exist also suitable outer shell binding patterns, especially for the trans-acting ribozyme.
The stabilization of the transition state by the C75 nucleobase has two catalytic effects: (i) making the scissile phosphate more susceptible to nucleophilic attack due to polarization by the C75(N4-H4) · · · G1(O1P) H bond reducing its electron density and (ii) activating the nucleophile U-1(O′2-H′2) by the presence of a general base C75(N3). The nucleobase C75 is geometrically well-suited for effective catalysis because it pulls electron density from the scissile phosphate through the H bond between its exocyclic amino group C75(N4) and the G1(O1P) oxygen and pushes it through conjugation of its aromatic ring to the lone electron pair of the C75(N3) nitrogen, and thus toward the proton from the U-1(O′2-H′2) nucleophile.
A similar structural motif that stabilizes the transition state with the C75H + bound to the scissile phosphate through two H bonds (C75H + (N4-H4) · · · G1(O1P) and C75H + (N3-H3) · · · G1(O′5)) was observed in previous DFT calculations of the general acid mechanism using the truncated model of the HDV ribozyme active site. 39, 40 However, the orientation of C75 (and the overall active site arrangement) in these small-molecule models of the active site did not fit any available crystal structures. Superposing the sugar phosphate backbone from these active site models 39, 40 on the complete HDV ribozyme structure, we found that these two H bonds positioned the C75 sugar too close to G1. Therefore, these models do not satisfy the steric requirements of the X-ray structures, in which the C75 sugar resides on the opposite side of the active site. This finding rather limits the biological relevance of the results from the model calculations 39, 40 and highlights the importance of considering the context of the complete ribozyme fold. These requirements are fulfilled in our QM/MM calculations, in which the sugar-phosphate backbone steric constraints of the ribozyme active site are respected and all proximal and distal functional groups contributing to the catalysis are included in the quantum region.
We show that under these conditions the C75 general base mechanism is chemically feasible. However, we do not conclude that the general base mechanism is the dominant mode of HDV ribozyme self-cleavage. The exact conclusions of this study are that the local and global arrangements suggested by the C75U and lower resolution C75 precursor X-ray structures of the cisacting HDV genomic ribozyme indicate that the general base mechanism is readily available, while the general acid mechanism is much less structurally consistent. The general base mechanism is also supported by the fold of the ribozyme over the uncatalyzed reaction, which was not detected in previous QM studies based on small-molecule models of the active site. However, we cannot yet compare the C75 general base mechanism with the general acid mechanism (in which C75 is protonated and acts as the general acid) energetically, because of the paucity of suitable starting structures that would support this mechanism. Thus, we cannot comment on which of these two mechanisms is more feasible. It appears that the general acid mechanism could be associated with some local structural rearrangements compared with presently available structures. However, modeling these rearrangements would not be trivial, as attempts to obtain such geometries via classical MD simulations starting from the available X-ray structures (and assuming C75H + ) were not successful. 13, 14 Nevertheless, it seems reasonable to assume that in principle the cytosine should be able to act both as the general base and as the general acid in the cleavage reaction. Therefore, we suggest a possibility that the HDV ribozyme could use multiple, competing microstrategies depending on the circumstances. This possibly could best reconcile the available experimental data.
